The paper describes the investigations of pH-sensitive materials for screen printed flexible pH sensors. The sensors were fully printed and consisted of three layers, conductive made of low temperature-curable silver paste, insulating made of UVcurable dielectric paste, and pH-sensitive made of developed graphene/ruthenium oxide pastes. Graphene and ruthenium oxide composites were prepared with different proportions of graphene nanoplatelets paste and submicron ruthenium dioxide. To perform functional measurements, particular testing sensors were fabricated on flexible polyester foil. Afterwards electrochemical potential measurements of fabricated devices were carried out. Sensors were also exposed to cyclic bending and the change of pH sensitivity before and after bending was described. Eventually, percolation threshold concerning the amount of ruthenium oxide in the pH-sensitive layer was designated and UV influence on the sensitivity was observed that together allow for optimization of sensors' fabrication costs.
Introduction
Printed electronics is a rapidly growing field of technology strongly investigated by both the research institutions and companies seeking for new products. Printed electronics has a lot of benefits such as easy processing without the need for vacuum, clean rooms, or high temperatures. The possibility of low temperature processing made this technology advisable for applications using flexible materials, such as polymer foils [1] , papers [2] , and fabrics [3] . Electronic devices may be fabricated with printing processes, such as screen printing [4] , flexography [5] , ink-jet printing [6] , gravure [7] , or pad printing [8] which are well known from graphics industry. Thanks to novel materials suitable for electronics there are vast possibilities of fabrication of functional printings, such as conductive [9] , resistive [10] , dielectric [11] , or sensitive layers [12] . Those printable materials may be used for fabrication of electronic elements, such as conductive paths [13] , antennas [14] , capacitors [15] , resistors [16] , heaters [17] , light sources [18] , or diverse sensors [19] .
Measuring the proton activity (pH) of environment is one of the basic chemical measurements required in various fields of human interest, like biotechnology [20] , medicine [21] , environmental science [22] , water-support system monitoring [23] , food safety [24] , and many others. Apart from direct pH measurement, sensors detecting proton activity can be employed as a basis for modification, for example, with enzymes [25] , nucleic acids [26] , or microorganisms [27] , yielding biosensors for even more applications. Given this need for sensing of pH and pH-affecting markers or reactions, improvement and development of appropriate production technologies is a relevant task for research. In this paper, authors present a printed electronics-based approach to fabrication of the pH-sensitive potentiometric electrodes. Pastes prepared for screen printing of the functional layer of the transceivers were based on the previously developed conductive graphene composites [28] with addition of the ruthenium (IV) oxide as the proton-sensitive phase, of which response mechanism was described in detail elsewhere [29, 30] .
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Briefly, after immersion of the metal oxide in the solution, protons and hydroxide ions are bound to the oxygen ions in the metal oxide crystal lattice and with the surface cations, respectively, resulting in covering the metal oxide surface with the hydroxyl groups. Then, exchange of the protons between the hydroxyl groups and the solution occurs and thus the electrical potential of the surface is determined by the H + /OH − ions balance in the solution [30] [31] [32] . There are also reports [33] on the pH-sensitive electrodes based on the mixture of the RuO 2 with another, chemically inert oxide, aimed at reduction of material costs derived from the RuO 2 expensiveness. In these works however, sensors' performance drop was reported.
Graphene also exhibits similar properties that allow for pH sensing, as described by Lei et al. [34] and Ang et al. [35] . H 3 O + and OH − ions from the solution are adsorbed on the graphene surface depending on the solution's pH. At the same time, graphene nanoplatelets (GNP) are much cheaper than RuO 2 .
Based on these facts, successful implementation of graphene for pH sensors fabrication and reports on the binary metal oxide electrodes [36] , authors investigated a possibility of employment of RuO 2 /GNP nanocomposite for potential cost-effective pH sensor fabrication. Presented work was aimed at resulting in both pH sensing transceiver and satisfying utility requirements, such as production costs optimization, manufacturing process simplicity, and sensor's flexibility.
Materials and Methods

Materials.
Poly(methyl methacrylate) (PMMA) with average molecular weight = 350,000; diethylene glycol butyl ether acetate ≥99% pure; toluene ≥99.3% pure and citric acid 99% pure were purchased from Sigma-Aldrich. Ruthenium(IV) oxide Premion submicron powder with 74% Ru was acquired from Alfa Aesar (Germany). Sodium hydroxide was purchased from POCH S.A. (Poland).
Graphene nanoplatelets M-25 with 25 m average diameter and typical surface area of 120 to 150 m 2 ⋅g −1 were acquired from XG Sciences Inc. (USA). Silver paste L-121 based on silver microflakes was acquired from ITME (Poland). The insulating UV-curable 5018G and heat-curable 8155 pastes were bought from DuPont. Polyester (PET) foil Melinex 453 with a thickness of 100 m was delivered by TEKRA (USA).
Preparation of Printing Pastes.
Screen printing pastes for pH-sensitive layers were composed of PMMA polymer matrix, graphene nanoplatelets, and ruthenium oxide powders. Firstly 8 wt% PMMA resin was prepared by dissolving the PMMA granulate in diethylene glycol butyl ether by means of magnetic stirrer (48 hours in 60 ∘ C). Secondly, 12 wt% graphene nanoplatelets paste was prepared by adding the graphene platelets to the 8 wt% PMMA resin prepared earlier. Paste was rolled two times in the three-roll-mill with silicon carbide (SiC) rollers and 5 m gap to obtain homogenous compositions without agglomerates. After receiving suitable graphene nanoplatelets paste, the paste was divided into 6 parts and final set of 6 different (10 wt%, 20 wt%, 30 wt%, 40 wt%, 50 wt%, and 60 wt%) compositions with ruthenium oxide was prepared according to Table 1 . Also, RuO 2 paste was prepared by 40 wt% addition of RuO 2 to the 8 wt% PMMA resin. After adding appropriate amounts of RuO 2, each sample was rolled again with the three-roll-mill.
Fabrication of Sensors.
Sensors were fabricated on the PET foil and consisted of three subsequently printed layers (as shown in Figure 1 ) made by means of Ami Presco 485 screen printer. Firstly, silver contacts and conductive paths were deposited with the use of commercially available silver screen printing paste (L-121). Secondly, pH-sensitive GNP/RuO 2 layers were printed prepared as described in the section above. Eventually, dielectric layer was printed on the top of silver paths and around pH-sensitive areas to insulate conductive paths from the electrolyte during measurements. Silver conductive layers and GNP/RuO 2 pH-sensitive layers were cured in 120 ∘ C for 30 minutes in a chamber dryer. The insulating layers were printed with two different pastes: heatcurable and UV-curable. The former was cured in 120 ∘ C for 10 minutes and the latter was cured in UV dryer with the dose around 700 mJ⋅cm −2 . All sensor layers were printed with the use of 77T polyester screens. The pH-sensitive layer based on GNP and RuO 2 had a thickness of about 10 m, the insulating layer of about 20 m, and silver layer of about 15 m.
Measurements.
Electrochemical potentials were measured using EMF-16 (Lawson Labs Inc., USA) mV-meter with the following galvanic cell: Ag/AgCl (s) , KCl (4M)/bridge electrolyte/sample solution/(RuO 2 /GNP/PMMA)/Ag. The bridge electrolyte of the double-junction reference electrode was 1M KCl. Simultaneously, pH of the solution was measured using CP-505 pH-meter (Elmetron, Poland). UV-exposure tests were performed using FC-100/D UV-A (365 nm) lamp (Spectronics Inc., USA). Calibration of the sensors was conducted in 50 mM⋅L −1 citric acid buffer solution with gradually added NaOH solution for pH increment. For each RuO 2 concentration in paste, seven electrodes were calibrated, assuming mean calculated linear regression slope as the sensitivity. Then, calibrated sensors were bent perpendicularly on custom-made bending machine for 10,000 cycles and calibrated again to assess their flexibility. 2 Content. To evaluate applicability of the described composites for pH sensors, calibration of the GNP/PMMA, RuO 2 /PMMA, and GNP/RuO 2 /PMMA (60 wt% RuO 2 ) was carried out as described in Section 2.4. Comparison of obtained sensitivity values is shown in Figure 2 . As expected, RuO 2 /PMMA composite exhibited greater sensitivity than other materials (−53.65 mv⋅pH −1 ) and GNP/PMMA the lowest. In GNP/ RuO 2 /PMMA sensitivity drop was observed, but to verify prospective material costs optimization, influence of the component proportions was further investigated. Calculated sensitivity values are presented in Figure 4 .
Results and Discussion
Dependency of Sensitivity on RuO
As expected, sensitivity was observed to be the highest for the electrodes with the highest RuO 2 content in paste, although this dependency did not exhibit linear character.
It was observed that, for 10, 20 and 30 wt% of RuO 2 content in the printing paste, sensitivity of the sensors is uniform within margin of error. Above 30 wt%, the value of sensitivity significantly increases (Figure 4 ). This thresholdlike effect was observed more distinctly on logarithmic scale ( Figure 5 ). As it was previously proven when considering conductivity of the printed nanocarbon composites [37, 38] , some properties of this kind of composites depend on the so-called percolation threshold. According to the percolation theory, properties such as conductivity or permeability are exhibited by a composite only above certain content of the proper phase [39] -in the case of the examined sensorsRuO 2 . This threshold can be interpreted as the minimum volume of the RuO 2 in the composite, sufficient to form stable connections with conductive graphene phase which is needed for correct translation of the proton adsorption by RuO 2 to the change of electric potential of the printed electrode.
To determine percolation threshold for sensitivity to pH changes, sensitivity of the 10-30% samples was approximated by the mean value as all the values lie within the same range of confidence ( Figure 3) . Next, the values obtained for 40-60% samples were used to fit the line in logarithmic scale ( Figure 5 ). Calculated dependency (coefficient of determination 2 = 97.8%) of sensitivity on RuO 2 wt% content was where is sensitivity [mV⋅decade
Thus, the percolation threshold was determined as the cross-section point of the constant sensitivity line and linear increase line. The value obtained from solving (1) was 33.82 vol%.
Influence of the UV-Irradiation on the Sensors' Performance.
As the pH sensing properties of RuO 2 are reported to be strongly influenced by the UV radiation [40] and flexible pH sensors may find application in many fields which implicate exposure to such radiation (e.g., environment monitoring, sport activity tracking, etc.), the dependency of the sensors' indications on this condition was investigated employing sensors with temperature-cured insulating layer and 40 wt% RuO 2 content in paste. Calibration of these sensors was performed as described in Section 2.4 before any exposure to the UV radiation and after irradiation by dose around 1300 mJ⋅cm −2 . Thus, sensitivity values for no UV exposure, 700 and 1300 mJ⋅cm −2 doses, were obtained ( Figure 6 ). Obtained results indicated notably that above certain level of UV exposure the sensitivity increased even above the basic level (Δ = 3.57 mV⋅pH −1 ). It can be explained based on the findings reported in the section above. Since UV radiation is confirmed to cause degradation of PMMA [41, 42] , dose high enough to initiate this process may lead to change of the volumetric proportions of the functional material in the electrode layer. Thus, UV-treated sensors fabricated with paste of lower RuO 2 content exhibited higher sensitivity than sensors fabricated with higher RuO 2 content and not exposed to higher doses of UV radiation (50% and 60% samples).
Flexibility Tests.
Performance of the sensors was also tested with respect to their flexibility. Calculated changes of the sensitivity after 10,000 cycles of bending are shown in Table 2 . The results may indicate that the number of bending cycles applied is close to the electrodes' material fatigue limit, since the bending caused significant drop in performance in three out of six cases (10%, 20%, and 50% samples). In the case of other samples, the observed increase in sensitivity may derive from the compression of the composite before reaching the fatigue limit, as the compressed composite would be characterized by greater RuO 2 content in the layer's volume (see Section 3.2). This can be observed on the SEM images ( Figure 7 ) of the electrode's surface taken for the sample before (a) and after (b) the bending test. On the SEM image of the sample after bending, there is area of significant RuO 2 particles' thinning. Supposedly, it is due to the fact that cracking of the graphene layer revealed the surface that was not covered by RuO 2 during preparation of the composite paste.
Conclusions
Screen printed pH sensors based on the ruthenium (IV) oxide/graphene nanoplatelets composite were fabricated and examined, exhibiting wide linear range (pH 2.18-6.82) and good reproducibility (±5.41% standard deviation for 60% paste). Thresholding effect of the RuO 2 content on sensitivity was observed, which was explained with respect to percolation theory and probability of the RuO 2 connecting with the conductive phase of the composite. Moreover, UVirradiation was found to influence the sensors' performance positively or negatively, depending on the radiation dose, which also was ascribed to the change in the composite proportions. As the percolation threshold was determined for RuO 2 content and sensitivity-enhancing effect of the UV radiation was observed, this investigation may lead to optimization of the RuO 2 content and thus minimizing the production costs of the sensors. Electrodes were also tested in terms of their flexibility and fatigue resulting in significant performance drop was identified as around 10,000 cycles of perpendicular bending which indicates good endurance for sensors' deformation.
